shows independent and cooperative effects of p300, been shown to act both through cofactors (e.g., TRAP/ PRMT1, and CARM1 in mediating activation by p53 from Mediator) that facilitate preinitiation complex formation a chromatin template with GADD45-derived p53 reor function (Gu et al., 1999) and through cofactors that sponse elements, whereas chromatin immunoprecipitamodify chromatin structure. In the latter case, earlier tion (ChIP) assays have verified the accumulation of demonstrations of physical and functional interactions these (and other) cofactors and corresponding modifications on a natural GADD45 gene in response to UV damage.
Introduction Zhang and Reinberg [2001]).
To study the role of diverse histone-modifying cofacThe gene encoding p53 is the most frequently mutated tors in p53 function, we have used a cell-free system gene in human cancers, and p53 itself is a potent tumor reconstituted with purified cofactors and recombinant suppressor that, in response to various cell stress sigchromatin templates . This system allows nals, activates cell cycle checkpoints that arrest cell analyses of selectively mutated histones, direct versus growth or apoptotic pathways that lead to cell death indirect effects of cofactors, independent versus coop- (Vogelstein et al., 2000) . These functions are mediated erative effects of different cofactors, and corresponding largely through the action of p53 as a conventional DNA mechanisms on individual genes. In the case of p300-binding transcriptional activator of genes whose proddependent activation by Gal4-VP16, earlier studies with ucts regulate growth arrest or apoptosis. p53 contains this system demonstrated a repression mechanism that an N-terminal activation domain, a central DNA binding is intrinsic to the structure of the nucleosome core and domain, and a C-terminal regulatory domain (Ko and selective requirements for H3 and H4 N-terminal tails, Prives, 1996). Stress-induced modifications of p53 varias well as corresponding acetylation events that are ously implicated in protein stability and/or transcriptargeted to promoter proximal regions, for transcriptional activation include phosphorylation, acetylation, and ubiquitylation (Brooks and Gu, 2003) .
tional activation . The present study Like many other transcriptional activators, p53 has shows independent and cooperative effects of p300, been shown to act both through cofactors (e.g., TRAP/ PRMT1, and CARM1 in mediating activation by p53 from Mediator) that facilitate preinitiation complex formation a chromatin template with GADD45-derived p53 reor function (Gu et al., 1999) and through cofactors that sponse elements, whereas chromatin immunoprecipitamodify chromatin structure. In the latter case, earlier tion (ChIP) assays have verified the accumulation of demonstrations of physical and functional interactions these (and other) cofactors and corresponding modifications on a natural GADD45 gene in response to UV damage.
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Results

bacteria), p300 (expressed via baculovirus), CARM1 (expressed via baculovirus) and PRMT1 (expressed in bacteria) proteins utilized in conjunction with this template Assembly and Characterization of Recombinant Chromatin Templates and Cofactors
are shown in Figure 1C . We initially determined requirements for core histone Chromatin was assembled from recombinant histone octamers ( Figure 1B ) and a plasmid DNA template (Fig- tails and corresponding acetylation events for p300-dependent activation by p53. As shown in Figure 1F , ure 1D) using a recombinant ACF/NAP1 system (Ito et al., 1999) as described previously . In transcription from the template with intact histones was dependent upon p53 and p300/acetyl-CoA (lane 2 versome cases, H3 and H4 were mutated in lysine residues known to be acetylated in vivo (H3 and H4), in an arginine sus lanes 1 and 10). The transcription level was unaffected by independent or concomitant deletion of H2A residue (H4-R3) methylated by PRMT1, or in arginine residues (H3-R2, -R17, and -R26) methylated by CARM1 and H2B tails (lanes 3-5) but dramatically reduced by independent or concomitant deletion of H3 and H4 tails in order to assess the role of corresponding modifications in cofactor function ( Figures 1A and 1B) . Characteror by removal of all tails (lanes 6-9). Parallel results were observed when the acetylatable lysines in correspondization of assembled chromatin by micrococcal nuclease digestion revealed a 200 bp ladder of kinetic intermediing histone tails were mutated to arginines (lanes 13-19). These results exactly mirror those reported for p300-ates ( Figure 1E ). The recombinant p53 (expressed in dependent transcription activation by Gal4-VP16 on a these modifications (lanes 8-10). Notably, however, H2A was methylated by PRMT1 when the normal PRMT1 similar template . They argue for the generality of a selective requirement for H3 and H4 tails, methylation site (R3) in H4 was mutated ( Figure 2A , lane 8), suggesting that H2A might serve as a back-up suband corresponding acetylation events, for p300-dependent transcription activation from these in vitro assemstrate in a PRMT1-mediated signaling pathway (Cheung et al., 2000). These results document p53-dependent bled chromatin templates. modifications of nucleosomal histones by PRMT1 and CARM1 as well as p300 and further confirm that these Independent p53-Dependent Modifications of modifications occur at specific lysine and arginine resiNucleosomal Histones by p300, PRMT1, or CARM1 dues in H3 and H4. p53-dependent histone modifications by cofactors were monitored following independent incubation of templates with various cofactors and corresponding raCooperativity between p300 and PRMT1 or CARM1 in Modifying Nucleosomal Histones diolabled substrates. As shown in Figures 2A and 2C (Figure 2 ), we next assessed p53-dependent In contrast to transfection assays that do not allow an effect of a given coactivator to be ascribed to an indetranscription from recombinant chromatin templates following simultaneous incubation with p300 and PRMT1 pendent action, owing to the presence of other endogenous cofactors, the in vitro assay with isolated cofactors or p300 and CARM1. The p53-dependent activity observed with p300 and PRMT1 was significantly greater and mutated histone substrates does allow this determination. In the recombinant chromatin transcription than the sum of the independent p300 and PRMT1 activities ( Figure 3B , lane 9, versus Figure 3A , lanes 3 and 9). assay, a high level of p53-and coactivator-dependent activity was observed with p300 ( Figures 3A and 3C , H4 K to R mutations reduced this activity to a level comparable to that observed with PRMT1 alone, while lanes 1-3), with PRMT1 ( Figure 3A , lanes 7-9), and with in vitro data. Collectively, our results indicate an ordered accumulation of distinct histone modifications in reand suggest that, for optimal activity, PRMT1 modification of nucleosomal histones must precede modificasponse to PRMT1, p300, and CARM1 and a functional association with p53-dependent transcription. tions by p300.
In similar experiments with p300 and CARM1, the activity observed following simultaneous addition was significantly higher than the sum of the independent p300 CARM1 and PRMT1, Like p300, Bind Directly to p53 and CARM1 activities ( Figure 3D (lanes 3, 4, and  7) . In contrast, expression of CARM1 or PRMT1 with that most of these interactions may be direct. ). These results plays the dominant role in PRE recruitment and function of CARM1, whereas the N terminus plays the major role are consistent with the H4-lysine acetylation/H4-R3 methylation-dependent synergy of PRMT1 and p300 obin PRE recruitment and function of PRMT1, p300, and the unidentified cofactor effecting H3-K4 methylation. served in vitro. Also consistent with the in vitro transcription results The results also show that H4 acetylation but not H3 acetylation is correlated with p300 recruitment to the indicating CARM1 function subsequent to PRMT1 and p300 function, enhanced CARM1 accumulation on the GADD45 PRE and, further, that the cofactor responsible for enhanced H3 acetylation may be recruited through PRE was first evident, and maximal, at 4 hr and declined thereafter. Somewhat surprisingly, the major histone a distinct (internal) p53 domain. modification (H3-R17 methylation) ascribed to CARM1 was barely detectable at 4 hr but increased continuously Temporal Accumulation of Coactivators and Histone Modifications on the p53-Induced over the next few hours. Whether this apparent discontinuity between the presence of maximal levels of CARM1 GADD45 Gene upon DNA Damage To further validate the conclusions from the in vitro and and its modifications truly reflects delayed modifications (due perhaps to synergy with another modification/ in vivo studies described above, the temporal accumulation of various coactivators and histone modifications enzyme) or a delayed epitope unmasking remains unclear. on the GADD45 gene were monitored following UV irradiation of U2OS cells. UV irradiation resulted in large Also of significance is the greatly enhanced accumulation, by four hours of irradiation, of GCN5, acetylated H3, increases (from low basal levels) in p53 protein and GADD45 mRNA levels by two hours, with further inand K4-methylated H3. Along with previous indications that GCN5 preferentially acetylates nucleosomal H3 creases over the next several hours (Figure 7) . ChIP assays over the same time period showed an elevated in vitro (Roth et al., 2001), and consistent with the data in Figure 6C , these observations suggest that the en-(and maximal) accumulation of p53, as well as R3-methylated and acetylated H4, by two hours. p300 also hanced accumulation of acetylated H3 is due at least . tivity between p300 and CARM1 and between p300 and Thus, these analyses point to the possible interplay of PRMT1 but with no demonstrable cooperativity between a diverse group of cofactors in mediating activation of PRMT1 and CARM1 in the absence of ectopic p300.
GADD45 and other p53-dependent genes. Of special Moreover, in both the in vitro and in vivo assays, the importance will be determination of the complete reperhighest levels of p53-dependent activity were observed toire of cofactors employed in p53 function and possible in the presence of p300, PRMT1, and CARM1. ocally that the observed coactivator functions are dependent, minimally, upon histone modifications and, tween PRMT1 and CARM1 in the absence of ectopic p300 may be attributed either to intrinsic differences hence, cognate coactivator enzymatic activities. The further demonstration of direct interactions of unmodibetween p53 and nuclear receptors with respect to cofactor utilization or to differences in assay conditions. fied (bacterially expressed) p53 with CARM1 and PRMT1 as well as p300 suggests a mechanism for direct recruitOverall, however, the cooperative functions of p300, PRMT1, and CARM1 are consistent with the distinct ment to promoter bound p53 through these interactions. This mechanism is further supported by our demonstrasubstrate specificities of these cofactors. Apart from our specific demonstration 
